Recycled concrete fines (RCF) are activated through a thermal treatment method. RCF can be used in mortar samples up to 20% cement replacement. 800°C-treated RCF had mechanical performances equivalent to fly ash. Thermally treated RCF showed an activation effect on ground blast furnace slag. A calcium silicate phase is formed during the treatment of RCF at 800°C.
Introduction
The European Cement Association [1] reported that 3.6 billion tons of cement were produced worldwide in 2011. Cement production figures amount to about 8-12% of concrete production, which leads to between 28 and 43 billion tons concrete produced in 2011. The production of cement has been linked to a high CO 2 emission, this industry being estimated to generate $7% of all liberated CO 2 [2] . Besides this, the cement industry is known to consume both energy and natural resources (water and mineral raw materials) in large amounts. The replacement of concrete ingredients -either cement or aggregates -can lead to a reduction in both the generation of CO 2 and the use of natural resources. An increasing source for both these types of replacement could be concrete and demolition waste, cleaned and treated in order to be used again in the building industry.
Construction and demolition waste
The World Business Council for Sustainable Development has quantified [3] the C&D waste generation and recovery of a number of countries. The total C&D waste generated in 2011 ranged between 14 Mt in Australia to 201 Mt in Germany and 309 Mt in France. These large amounts of construction and demolition waste, if not treated properly in order to be reused, need to be landfilled as normal waste.
The main reasons for the increase of the volume of C&D waste are old structures that have overcome their use expectancy and need to be demolished, new requirements and necessities leading to the demolition of otherwise still viable structures and destructive natural phenomena like earthquakes and storms [4] .
The main re-use purpose for C&D waste is road-base material. However, an important application is also their use as aggregates in new concrete mixes. When comparing recycled aggregates to new aggregates or other building materials, a number of factors need to be taken into account [5] . A first factor is the land use impact -the use of recycled aggregates means that less waste goes to landfill, while also reducing the need of producing new aggregates. Another important factor is the transportation cost (including fuel use and CO 2 emissions), which can be much lower than in the case of new aggregates, if the C&D waste is located close to the construction site. New aggregates are usually transported from distant quarries to the construction site. Also to be mentioned are the useful life expectations -using recycled aggregates means that the concrete itself has a longer period of use than the structure it was initially part of.
The use of C&D waste as aggregates in new concrete
In the European Union, it is estimated that the construction and demolition rubble amounts to 500 kg per capita annually [5] . High recycling rates are achieved in countries like The Netherlands, Japan, Belgium and Germany. The Netherlands had in 2011 a very high rate of C&D waste recovery, of approximately 95% of the generated 26 Mt [6] . In the US, the recycled aggregates can be divided by use in pavements (10-15%), other road construction and maintenance work (20-30%) and structural concrete (60-70%). Recycled aggregates are produced by natural aggregates producers (50%), contractors (36%) and debris recycling centers (14%) [7] . In Japan, the concrete recycling ratio reached 98% in 2003, from 65% in 1995, the most common application being as sub-base material in road construction [4] . Tam [4] analyzed the situation of C&D waste recycling in Australia. It was found that concrete constitutes 81% of total C&DW. The concrete recycling rate in Australia is about 40%, where it is mainly used for low-grade applications. The amount of C&D waste in China has reached 30-40% of the whole amount of municipal solid wastes (MSW), with waste concrete occupying a large percentage (around one third), according to Li [8] . The main identified sources for waste concrete in China are demolished concrete structures and elements, rejected structural precast members, laboratory-cast concrete specimens and airport pavements.
The use of C&D waste fine fractions in new concrete
The possibility of using recycled concrete fines to replace a part of the cement in the concrete recipes is investigated in the present study.
Through a thermal treatment, hydrated cement paste can be dehydrated. Shui et al. [9] researched dehydrated cement paste (DCP) in depth, concluding that hardened cement paste treated at 500°C is mainly composed of dehydrated C-S-H, CaO, partially CH and non-crystalline dehydrated phases. Upon contact of the dehydrated paste with water, the initial hydration products such as the C-S-H gel, ettringite and CH are recovered.
The dehydration and rehydration of hardened cement paste

The effects of thermal treatment on recycled concrete particles
During high temperature exposure of hardened cement paste (HCP), a sequence of physical and chemical processes takes place [9] . The main phenomenon is the evaporation of water from the HCP -both physically and chemically bound. Through this process, first the pore water, and then a part of the water retained by the hydration products is lost. Above 120°C, structural changes begin to take place, including the dehydration of Ca(OH) 2 (CH) around 450°C and decarbonation of CaCO 3 ðCCÞ around 750°C. The dehydration process of HCP is completed at the temperature of 800°C or above. Thus, a dehydrated cement paste (DCP) at a certain temperature will consist of partially or totally dehydrated products, hydration products that might not have been affected by the thermal treatment, and unhydrated cement. Castello et al. [10] report the decomposition of ettringite at a temperature as low as 90°C, even lower than the temperature at which the free water is eliminated (105°). Alonso and Fernandes [11] concluded that ettringite became dehydrated abruptly after the temperature of 100°C.
The C-S-H gel is reported to start dehydration between the temperatures of 200°C and 400°C [10] . Handoo et al. [12] found by employing a scanning electron microscopy analysis that the morphological changes of the C-S-H gel take place mainly at a temperature higher than 600°C. Alonso and Fernandes [11] concluded that the C-S-H gel starts to dehydrate slightly as early as 100-200°C, dehydrating gradually with the increase of temperature. They observed that from 600°C to 750°C, the solid phases in DCP contain mainly dehydrated C-S-H, CaO, anhydrous phases and dehydrated ettringite.
Tayyib [13] reported that portlandite decomposes at a relatively low temperature of about 400°C. However, Castello et al. [10] concluded that portlandite dehydrates between 530°C and 560°C. Table 1 gives an overview of the main transformations in a HCP with their respective temperatures.
All these decompositions take place with a mass loss, comprising usually of water or carbon dioxide. However, one of the processes that take place during the dehydration of HCP is a phase transformation, which takes place without mass loss, but with a change in the structure. This is the transformation of crystalline silica from its a to the b form. Therefore, at around 580°C, the sand structure breaks down, but does not affect the mass of the sample (Table 1) .
Rehydration of dehydrated cement pastes
It is found by Shui et al. [9, 14, 15] that dehydrated cement paste (DCP) can recover the original hydration products after rehydration. The mechanical strength of the rehydrated DCP seems to depend on the initial dehydration temperature. Moreover, upon mixing with DCP, an activation effect on fly ash was observed [15] .
Upon contact with water, dehydrated phases recover their initial water content. CaO generated from the decomposition of CH and C C À will react with water to form CH again; the C-S-H gel is also recovered. These rehydration processes are responsible for the buildup of strength, similar to the hydration of cement. Another cause is the hydration of initially unhydrated cement, that was part of the sample before the thermal treatment and that can now hydrate if in contact with water.
Shui et al. [9] reported the compressive strength results obtained from the rehydration of DCP, noticing that the early hydration is very fast -the degree of rehydration after only 1 day reaching 0.7. The degree of rehydration progresses to 0.8, 0.85 and 0.9 in 3, 7 and 28 days respectively, which shows a slower rehydration rate after the initial first day. The explanations for the fast early hydration are the rehydration reactions of the dehydrated reaction products, the difference in the reactants, and the fact that the specific surface of DCP is much higher than the one of cement. As the rehydration progresses, the C-S-H gel will recover its long chains, strengthening the structure. Table 1 Possible transformations of hardened cement paste samples during thermal treatment at different temperatures [9, 14] .
Temperature Transformation
<110°C
Loss of physically bound water $450°C
Dissociation of portlandite $570°C
Transformation of quartz $750°C
Dissociation of carbonates $1050°C
Loss of chemically bound water
Fresh properties of rehydrated concrete fines pastes
Shui et al. [14] compared the degree of rehydration of DCPs obtained at different maximum temperatures; the evolution of the rehydration was found to be comparable for samples exposed to 400, 600 and 800°C respectively. It was found that the required water of DCP linearly increases with the increase of the dehydration temperature from 300°C to 900°C, which is explained by the advancing of dehydration with temperature. The results show that the water needed to achieve standard consistency of the rehydrated DCP paste increases from 32% for the DCP samples at room temperature up to 68% for the samples treated at 900°C. The initial and final setting time decreased with the increase of temperature. This would suggest that DCP can be suitable in earth-moist concrete mixes; if used in normal concrete, superplasticizer could be a solution for the higher water demand. The highest compressive strength tests of rehydrated DCP was achieved in the case of DCP treated at 800°C.
The use of dehydrated cement paste in new mortar recipes
Shui et al. [14] studied the compressive strength obtained by mortars containing recycled concrete fines (RCF) and the addition of pure cement and fly ash to the mixes. It was concluded that 20% fly ash addition doubles the compressive strength of the mortars. Adding a further 5% Portland cement, the final compressive strength was over four times the one of the mortar with just RCF. The beneficial effect of the fresh cement added can be explained by the quick formation of CH, which in its turn will aid the rehydration of the preheated RCF.
Shui et al. [14] compared the compressive strength obtained using DCP heated at temperatures between 300 and 900°C to unheated HCP and unhydrated cement. At 3 days curing, the untreated HCP does not develop any new compressive strength, while the DCP heated to 800°C shows the same strength development as pure cement. The compressive strength increases with the temperature of exposure, from 300 to 800°C. The sample heated at 900°C achieves lower strength than the one at 700°C at early curing times, but reaches almost the values of the sample heated at 800°C after 28 days.
In this study, real recycled concrete fines are used instead of just cement paste. The main difference in this case is the presence of quartz particles (generated by crushing the concrete aggregates) in the recycled fines. Since this quartz fraction does not contribute to the strength development of the new mixtures, it is important to separate the recycled concrete fractions by silica content and make use of the most beneficial composition.
Materials and methods
The generation of the RCF
Recycled concrete fines generated from laboratory-made concrete were used in this research. This choice was made in order to be able to relate the composition of the concrete fines to the initial concrete one, while also optimizing the crushing method [16] [17] [18] . The concrete recipe was designed using an optimized particle packing method [19] and contains 14.5% by mass CEM I 42.5 N, 1.7% limestone and three river aggregate fractions (0-0.125 mm, 0-5.6 mm and a 0.7-8 mm which account for 30.7%, 28.2% and 17.5% by mass, respectively). The composition of all the three aggregate types was measured by XRF and found to be very similar, containing 96-98% SiO 2 and a small amount of iron compounds. A water/cement ratio of 0.5 was used, and the compressive strength of the obtained concrete was tested according to [20] . The mixture attained a compressive strength of 55.15 MPa after 28 days and 60.52 MPa after 91 days. More details regarding the initial concrete mixture can be found in [16] [17] [18] .
A novel patented [21] crushing method was used, using a jaw crusher specially modified for concrete recycling. The scope of this modified crusher, termed SC1, is to separate concrete into its initial constituents (sand, gravel and cement paste) by using a crushing force that will not damage the aggregates; ordinary crushers are usually used only for the purpose of reducing particle size and so will crush all the component materials randomly. In the case of concrete, this will include crushing through the aggregates as well as between them.
The concrete samples were first pre-crushed in order to simulate the pre-crushing step from practice. Subsequently, the material was crushed two more times. Only particles bigger than 2 mm were re-fed to the crusher [22] . The obtained material was sieved on the 150 lm sieve and the fines, termed RCF (for recycled concrete fines) further used in this study. The choice of maximum particle size was made based on its low silica content, and particle size distribution similar to that of cement, as well as taking into account the yield of the crushing step [16] [17] [18] .
The PSD of the recycled material is very close to the one of the initial materials used to produce the concrete ( Fig. 1) , especially in the aggregate size range (over 0.5 mm); this is an indication that the investigated novel crusher indeed separates the initial, clean aggregates from the hydrated cement fines. The deviation at lower particle sizes can be explained by the loss of fines during the consecutive crushing steps. The smart crushing method was found to produce much more recycled concrete fines and cleaner aggregates than a conventional crusher. Moreover, the aquartz amount of the recycled concrete fines was found to be significantly lower than the one obtained using a commercial jaw crusher. The recovery of the cement paste, in the same particle size range, was improved by $50%, while the crushed cement paste particles recovery was 7.5 times the one from the conventional jaw crusher [16] [17] [18] .
The hardened cement paste content of the RCF fraction below 150 lm is approximately 67.4%, the rest of 32.6% being a-quartz. The method for quantifying the a-quartz content of the sample based on DSC measurements is described in detail elsewhere [16] [17] [18] .
Thermal treatment program
The TG analysis is used to determine the mass loss of a sample with the variation of temperature. The temperatures at which these mass loss effects occur are associated with the presence of certain compounds within the sample. These results complete the compositional information given by XRF, for instance being able to discern between CaO and CaCO 3 . Unlike XRD, this technique can also be used to quantitatively, because the percentage of the mass loss can be correlated with the concentration of these components. The DTA curve registers any thermal reaction (exo-or endothermic) which takes place within the sample.
So, both thermogravimetric (TG) and differential thermal analysis (DTA) were performed, together with their first derivatives (DTG and DDTA) on the RCF sample using a Netzsch STA F1. The thermal analysis was performed up to a maximum temperature of 1100°C, with heating and cooling speeds of 10°C/min, and a temperature plateau at 1100°C for 1 h in Al 2 O 3 crucibles, to ensure steady state. Fig. 2 shows the TG-DTG analysis results of the recycled concrete fines. The first mass loss effect is visible between 100°C and 200°C, due to the liberation of pore water and the liberation of physically bound water from certain hydration products, such as ettringite [10, 23] . The second effect happens between 400°C and 500°C, due to the dehydration of portlandite [9, 11] . The third effect appears at about 570°C, but only on the DSC curve. The reason is the transformation of quartz [9] which is a crystalline phase change process without mass loss. Around a temperature of 570°C, a-quartz undergoes a transformation into b-quartz, which comprises a swell in volume and, therefore, a decrease in density. The densities of a-quartz and b-quartz are 2.65 g/cm 3 and 2.53 g/cm 3 , respectively. This transformation is instantaneous and reversible. The quantification of a-quartz in the sample can be done by correlating the area of this peak with the content of a-quartz in known samples [16] [17] [18] . The fourth effect of the DSC curve appears between 700°C and 800°C: the decomposition of calcium carbonate with loss of CO 2 [9] .
Based on the information above, the recycled concrete fines were thermally treated at 500°C, 800°C and 1100°C. These temperatures were chose to be slightly above the temperatures at which the major transformations take place, so that each of the latter can be considered complete.
Characterization of the recycled concrete fines
Chemical composition, PSD and density
The binders used in this research are CEM I 42.5 N (ENCI B.V., Netherlands) and the recycled concrete fines (RCF), as obtained from the crushing (Section 3.1) or thermally treated (Section 3.2). Two commercially available secondary binders were also used: a powder coal fly ash and a ground granulated blast furnace slag. The oxide compositions of all above-mentioned materials are shown in Table 2 .
The chemical composition of the RCF can be found in Table 2 . It has the estimated CaO content of 33% and the SiO 2 content of 44%, 32% by mass of sample being a-quartz. The loss on ignition is due to the water and CO 2 which can be released through thermal treatment, and its value is in line with the one provided by the TG analysis. The fly ash is a low-lime commercially available fly ash. In the Netherlands, slag-blended cement represents over half of the cement market share [24] . Therefore, a ground granulated blast furnace slag is be employed in this study and its activation by RCF is considered.
In order to verify that a thermal treatment does not affect the PSD of the recycled concrete fines significantly, a grinding test was employed. This step also had the role to decide whether the thermal treatment would be more efficient before the last crushing step (so on 2 mm particles), or on the final RCF-20. The interest was higher for the hardened paste component of the recycled concrete, rather than on the quartz, whose structure after the end of the thermal treatment would not be different. Therefore, samples of hardened cement paste (HCP) with a high water/cement ratio and long mixing time were made, in order to ensure a degree of hydration close to unity. The samples were kept under water for 6 months and then crushed and sieved. The fraction 2-4 mm was selected for the grinding experiments. The samples were then dried in an oven at 110, 400, 600 and 800°C (and termed HCP-110, HCP-400, HCP-600 and HCP-800, respectively). All these samples, together with a room temperature one (so untreated, termed HCP-20) were ground under the same conditions (grinding time, number of runs, scraping, etc.) and the result analyzed using a Mastersizer 2000 laser diffractometer. The results (cumulative PSD) are shown in Fig. 3 .
It can be observed that the room temperature sample possesses the finest PSD. However, no significant difference was found between the samples, except a low tendency to agglomerate for the RCF treated at 110 and 400°C. The samples treated at higher temperatures (600 and 800°C) benefited from the volume expansion due to the transformation between aand b-quartz, and therefore show a PSD very close to the original one. Given the fact that the thermally treated cement paste proved harder to grind than the untreated one (even by a small margin), the thermal treatment was performed on the particles under 150 lm directly, rather than on the 2 mm ones (which would have meant treating also a much larger fraction of the recycled aggregates).
The particle size distributions of the binders were also measured by laser granulometry; the obtained data is shown in and 1100°C, respectively. The equivalent particle diameters corresponding to 10%, 50% and 90% passing of all investigated materials (d 0.1 , d 0.5 and d 0.9 ) are presented in Table 3 . It can be seen from Fig. 4 and Table 3 that the slag has the finest particle sizes among all the binders, while the fly ash and the cement have similar particle sizes which are larger than the slag. RCF-20 is made up of even larger particles, which tend to clump together during the thermal treatment (an effect more visible for the RCF-800 and RCF-1100 samples).
Another physical property which was measured before and after each thermal treatment is density. The densities of all RCF samples were measured by an AccuPyc II 1340 He pycnometer. The results are also presented in Table 3 . As it was expected, the densities of the RCF increase with the elevated thermal treatment temperature, until 800°C. This is due to the loss of physically and chemically bound water during the thermal treatment procedure.
XRD and SEM
X-ray diffraction was performed before and after the thermal treatment of the RCF samples. The samples were analyzed using a Rigaku-Geigerflex spectrometer. The obtained diffractograms of the reference RCF-20, RCF treated at 500°C (RCF-500) and 800°C (RCF-800) are illustrated in Fig. 5 , where the main crystalline phases are identified and marked. The diffractogram of the gravel used in the initial concrete mix is also added in order to show that the only main phase of this material is a-quartz, and also to serve as comparison for the recycled concrete samples above. The diffractograms of the sand and two types of gravel used in the initial mix are almost identical, which confirms their composition of 96-98% SiO 2 obtained through XRF.
In Fig. 5 , the typical reflections associated to a-quartz, C 2 S, portlandite, calcite and lime are shown for each of the samples. In the 500°C-treated sample, the significant differences from the reference RCF-20 due to the reduction of the peaks of portlandite, which correlates with the TG-DSC analysis. Between the temperature of 500°C and 800°C, the peaks corresponding to calcite also decrease almost completely. This phenomenon was to be expected, due to the dissociation of calcite at around 750°C. In the RCF-800 diffractogram, the peaks corresponding to lime are more intense than for RCF-500. The corresponding transformations were listed in Table 1 . Portlandite is still present in the 800°C-treated sample, even though in even lower amount than in the RCF-500, which can be explained by the rehydration of small amounts of the increased CaO content due to atmospheric moisture.
The mineral which is present in all samples and has the highest peak intensities is a-quartz. This can be explained by the presence of crushed silica aggregates in the RCF samples. As explained in Section 3.2, the transformation from a-quartz to b-quartz takes place around 570°C and is reversible. Therefore, no b-quartz can be detected in the 800°C-treated RCF, since the XRD is performed after the sample has been cooled down to room temperature. An interesting observation can be made regarding the detection of a C 2 S/C 3 S phase in all three RCF diffractograms. This can be attributed to the content of unhydrated cement in the RCF sample, which was to be expected, given the age of the samples is less than 1 year at the time of analysis. A more valuable piece of information is the increase of the C 2 S/C 3 S peaks intensities in the 800°C-treated RCF sample, which suggests that the thermal treatment of recycled concrete fines determines the formation of a calcium-rich silicate phase similar to the one found in unhydrated cement.
In order to further observe these transformations visible on the diffractograms, all three RCF samples were also investigated by scanning electron microscopy (SEM). The images are presented in Fig. 6 . The samples were analyzed using a high resolution scanning electron microscope (FEI Quanta 600 FEG-SEM) with a Schottky field emitter gun (at a voltage of 2-10 keV) in high vacuum mode. All pictures shown were taken at a magnification of 5000Â. Fig. 6a  and b show the RCF-20 sample, Fig. 6c and d the RCF-500 sample and Fig. 6e and f the RCF-800 samples.
Hydration products of the recycled concrete fines can be seen in Fig. 6a . Some plate-like formations (portlandite and AFm phases) can be observed. An ettringite needle can be identified, but generally these were not observed in these samples, or observed on the XRD spectra. This can be due to the crushing process, which probably destroyed the fragile ettringite needles. In Fig. 6b , plateshaped hydration products can be observed more clearly, together with a fragment of fractured gypsum, which could not be identified in the XRD analysis, probably due to its low amount in the samples. Fig. 6c shows a RCF-500 sample, in which the dehydrated cement paste still shows clear plate-like formations. Dehydration cracks are visible in this image, and a fragment of broken calcite can be identified. Fig. 6d further shows plate-shaped hydration products (possibly calcite, which is not yet decomposed at 500°C) and a piece of fractured quartz (top left corner), generated by the crushing of the aggregates during the pre-crushing stage. This formation is similar to the ones identified in [16] [17] [18] and hydration products can be seen on its surface. Fig. 6e shows cracks on a RCF-800 sample, which can be due to either the dehydration process or to the a ? b quartz transformation, which occurs with a swell in volume. Molten spots can be observed in this image, together with newly-frown formationssmall needles which could be C 2 S, as indicated by the diffractograms taken of these samples. Fig. 6f also shows local melting, as well as newly formed plates, which can be portlandite, according to the XRD pattern. A feathery structure of decomposed hydration products is visible in the center of the image.
Calorimetry
All RCF samples were mixed with water and placed in a TAM Air isothermal calorimeter in order to observe and measure their rehydration behavior, which is presented in Fig. 7 . Initial tests have shown that there is no significant change recorded between 72 and 168 h (7 days), so all heat generation curves are shown up to 72 h for clarity. The total heat released per gram of binder is presented in Table 4 , for a hydration duration of 24 and 72 h. For each sample, the percentage of the cumulative heat relative to the one of the reference is shown in brackets. These values can be compared to the cement content of each sample, also included in Table 4 . If they are higher than the cement content, it means that the replacement material contributes to the heat generation. If the two values were the same, the replacement material can be considered inert. A heat ratio lower than the cement content indicates a detrimental effect of the replacement material up to the duration of the rest, 24 or 72 h.
The reference for most of the samples (excluding slag-blended ones as explained below) was a CEM I 42.5 N paste with a w/b ratio of 0.5, obtained as an average of 3 measurements. 10% of the cement was replaced by RCF-20, RCF-500 and RCF-800 respectively, in order to assess the influence of the recycled concrete fines on the cement hydration. Furthermore, samples containing just RCF and water were also analyzed, to see if there is any hydraulic activity present. Due to the large water demand of the recycled concrete fines, the RCF-20 and RCF-500 pastes were mixed with a w/b ratio of 0.7, while RCF-800 needed a w/b of 0.9 to achieve similar flowability before being placed in the calorimeter.
Blended samples containing either fly ash or slag were also tested, in order to test the possibility of using RCF as an activator for pozzolanic binders. Three samples containing 80% CEM I 42.5 N, 10% commercial fly ash and 10% RCF-20, RCF-500 or RCF-800 were measured and the heat release of the fly ash-RCF blends compared to the same cement paste reference. Besides these, four slag-containing samples were also evaluated. Since the most used cement type in the Netherlands is CEM III/B, which has a slag content of 66-80% [26] , a sample containing 70% slag and 30% CEM I 42.5 N with a w/b ratio of 0.5 was used as reference. Afterwards, 33% of the cement was in turn replaced by RCF-20, RCF-500 and RCF-800 (for final blends containing 70% slag, 20% CEM I and 10% RCF), while keeping the same water/binder (w/b) ratio.
All samples were mixed externally and then inserted into the measurement slots within minutes of adding the water to the powders. For this reason, the first peak observed on heat flow plots cannot be taken into account. While this peak is partly due to the initial hydration of cement and rehydration of thermally treated RCF, it also includes the disturbance of the system at the introduction of the samples, together with other factors pertaining to the sample preparation. Therefore, this initial high peak will not be included in the computation of the cumulative heat generated by each sample, for which the integration will begin at the inflexion point when the heat flow starts to rise again after the initial drop. Fig. 7a shows the cumulative heat generated by the RCF-20, RCF-500 and RCF-800, compared to the CEM I curve. For RCF-20, almost no hydration can be detected, this being the lowest of the registered curves. The small heat generation can be attributed to the unhydrated cement that can be contained in the recycled concrete fraction. The RCF-500 sample shows a significantly higher heat generation, due to the rehydration of the thermally treated hydration products (Section 2). Even though, using the same line of reasoning, the RCF-800 should have the highest heat generation, it has proven to give only slightly higher results than RCF-20. This effect can be attributed to the high water demand of the RCF-800, even though a w/b ratio of 0.9 was used, compared to a 0.7 ratio for the other two RCF samples. In order to check this hypothesis, Fig. 7b shows only the first 6 h of hydration of the same samples, in terms of heat flow. It can be seen that RCF-800 has a much higher first peak of hydration than RCF-20, RCF-500 or even the pure cement paste. This peak, however, as explained above, cannot be taken into account when computing the cumulative generated heat. Fig. 7c shows the calorimetric behavior of samples in which 10% of the cement was replaced by untreated or thermally treated RCF. It was found that the addition of RCF-20 does not give promising results. However, RCF-500 and RCF-800 behave in a more promising way, their heat generation after 72 h showing that they do not hinder the hydration of cement after that curing time ( Table 4 ). The RCF-800-containing sample has a better effect than RCF-500, which supports the hypothesis of insufficient water for the hydration of this sample. Three more samples where 20% of the cement was replaced by a mixture of commercial fly ash and the three RCF types in a 1:1 ratio were also studied. The results are shown only in Table 4 , as the behavior of all three samples was almost identical. The binding efficiency of all fly-ash -RCF mixes was higher than the replacement level (highest one being 0.94, compared to a cement content level of 0.8, see Table 4 ), which suggests that they are suitable mixtures for the replacement of cement. This is further studied in Section 5 through mechanical strength tests. Fig. 7d shows the results obtained by the 4 slag-containing samples. In this case, the mixture containing RCF-500 has proven to be the best one. The poorer performance of the RCF-800 sample can again be explained by the increased water demand of this material. When comparing the results in Table 4 , these samples show the most promising effect for the replacement of cement, achieving up to a ratio of 0.87 of the heat generated by the cement at a 0.67 cement content ratio.
RCF replacement tests in mortars
OPC replacement test
Untreated RCF-20, 500°C-treated RCF (RCF-500) and 800°Ctreated RCF (RCF-800) were used to replace 10%, 20% and 30% by mass of cement in the standard mortar recipe. Standard mortar (following [27] ) was made as the reference, using CEM I 45.2 N as only binder (1350 g norm sand, 450 g binder, 225 g water). Coal combustion fly ash was used as reference cement replacement. The 7 and 28 days flexural and compressive strengths were measured in order to quantify the mechanical strength development.
The flowability of the fresh mortar samples was measured following [28] . Both the original and the thermally treated RCFs have a higher water demand than cement. In order to obtain a similar spread as the reference mortar, superplasticizer (Glenium 51, BASF) was applied to the samples in which 20% and 30% of the OPC was replaced by RCF. The 10% replacement samples achieved sufficient flowability without the use of superplasticizer (SP). Fig. 8 shows the spread achieved by the SP-containing mortar samples related to their RCF content. It was expected that the use of RCF would increase the water demand of the mortar samples, decreasing the fresh mortar spread. It was found that additions of 0.12% and 0.24% (by mass of binder) of superplasticizer were needed for the 20% RCF and the 30% RCF replacement mortar samples respectively. RCF-800 displayed the highest water demand, which was to be expected due to its larger free lime content. Moreover, all dehydrated RCF samples will rehydrate very fast upon contact with water, which leads to a higher water demand. The flexural and compressive strength attained by all mortar samples are presented in Fig. 9a-d .
It is observed from Fig. 9a that the 10% RCF-500 containing mortar achieves the lowest flexural strength of its replacement ratio class; fly ash, untreated RCF-20 and RCF-800 obtained very good flexural strength compared to the reference mortar. At a 20% replacement ratio, the highest flexural strength was obtained by the RCF-800 containing mix. Furthermore, for both 10% and 20% replacement ratios, the use of RCF-800 lead to a very similar flexural strength of the sample. Finally, increasing the replacement level to 30% by mass of cement leads to a significant decrease of flexural strength for all investigated mortars mixes; this can be explained by the low flowability achieved by the sample, and therefore the low water availability for the hydration process.
As can be seen from Fig. 9b , RCF-500 continues to have the highest detrimental impact also on the 7 days compressive strength of the mortars. At 10% and 20% replacements, RCF-800 has a higher strength than the rest of the replacement materials, but still lower than the reference. It can be seen that the compressive strengths decrease less than the replacement level, indicating that the RCF brings its own contribution to the strength development. All materials used to substitute 30% of the OPC by mass cause a decrease of the 7 days compressive strength higher than 30%, the coal combustion fly ash leading to the lowest decrease (of 30.8%) compared to the OPC reference.
As can be seen from Fig. 9c , at 28 days the increased replacement ratio no longer decreases the 28 days flexural strength of the mortar samples. For instance, a 30% replacement of OPC by RCF-500 leads to a higher flexural strength (5.84 MPa) than a 20% replacement (5.64 MPa). The same can be observed in the case of 10% and 30% replacement of OPC by RCF-800, which lead to flexural strengths of 6.93 MPa and 7.18 MPa respectively. A 20% replacement of OPC by mass by either coal combustion fly ash or RCF-800 lead to a decrease of less than 20% of the reference sample strength. This indicates that fly ash and RCF-800 can contribute to the 28 days strength development of the mortar samples, which is in line with Shui et al. [14] .
At 10% replacement ratio, fly ash, untreated RCF-20 and RCF-800 showed good mechanical performances; the decrease of compressive strength was less than 10% of the reference sample one in all cases and all samples would still qualify as strength class 42.5 following [26] . At 20% replacement ratio, fly ash and RCF-800 performed better than 80% of the strength of the reference mortar, indicating that RCF-800 plays a role in the strength development. Moreover, the samples containing RCF-800 behave very similarly to the ones where coal combustion fly ash was used as secondary binder, for all replacement levels. RCF-500, on the other hand, has the poorest behavior at the 10% and 20% replacement ratios; however, is the best for the 30% replacement ratio.
There are a number of factors which contribute to the obtained results. RCF, either untreated or thermally treated, has a higher water demand than cement. When replacing 10% of OPC by mass, RCF-20 acts mainly as a filler, which can provide nucleation sites for the cement hydration products; at a 20% replacement level, its higher water demand becomes significant, affecting the strength development. RCF-500, which contains dehydrated cement paste including the CaO generated during the thermal treatment, has an even more increased water demand, which will have a greater effect than the rehydration reactions can compensate for.
For comparison purposes, 1100°C-treated RCF was also used to replace 10% of the cement; however, the attained 28 days compressive strength of this sample proved to be only 36.86 MPa, even lower than the RCF-500. Due to this result (which is in line with [14] ), further experiments using RCF-1100 were not performed. An explanation for the poor compressive strength is that at the temperature of 1100°C, the structures of the hydration products are radically affected by the loss of chemically bound water, so that the initial hydration products cannot be recovered through rehydration.
Combining thermally treated RCF and fly ash
So far, it has been shown that recycled concrete fines have a binder efficiency comparable to that of powder coal fly ash. Also, Shui et al. [15] has shown that dehydrated cement paste can act as an activator for fly ash. In this research, RCF-800 was combined with coal combustion fly ash as a secondary binder to replace OPC in mortar mixes. It was found that RCF-800 could decrease the fresh mortar flowability. When RCF was used to replace 20% of cement, superplasticizer was needed in order to achieve a good flowability. Fly ash, on the contrary, has the property of increasing the flowability when used in concrete [25] . Moreover, the free lime generated in RCF-800 is believed to activate the pozzolanic properties of fly ash. RCF-800 and fly ash in a 1:1 ratio were used to replace 20% by mass of OPC in standard mortar mixes, thus resulting in the following recipe: 1350 g norm sand, 360 g CEM I 42.5 N, 45 g fly ash, 45 g RCF-800, 225 g water.
The fresh mortar flowability was tested according to [28] , the 10% RCF-800 + 10% fly ash mortar sample having a spread of 141 mm (compared 139 mm achieved by the reference sample). Therefore, it can be considered that the use of 10% of fly ash can fully compensate the fresh mortar flowability loss caused by 10% of 800°C-treated RCF. By using RCF-800 along with fly ash, the flowability of the mix can be maintained while the cement replacement ratio increases.
Mortar recipes made by replacing cement by 20% of RCF-800 and by 20% of fly ash by mass in the standard mortar recipe are also used for comparison; the obtained 7 and 28 days flexural and compressive strengths are shown in Fig. 10a and b . As it can be seen in Fig. 10a , the sample in which both RCF and fly ash are used reaches the lowest 7 days flexural strength of the group (reduced by 36.7% from the reference). However, the same sample attained a 28 days flexural strength of 7.19 MPa, which is only 12.2% lower than the reference, which suggests that the strength development of the combination of fly ash and RCF-800 continues over longer curing periods.
It is illustrated in Fig. 10b that all three 20% cement replacement samples achieve very close 28 days compressive strengths. The sample containing both fly ash and RCF-800 has a compressive strength development which mirrors its slow flexural strength development.
The following conclusions can be drawn based on the experimental results: fly ash is able to compensate the fresh mortar flowability loss caused by 800°C-treated RCF. Using both RCF-800 and coal combustion fly ash in a 1:1 ratio leads to slow strength development, but its 28 days mechanical properties are encouraging.
Slag cement replacement test
In the Netherlands, CEM III/B (which contains 66-80% ground granulated blast furnace slag [26] ) represents over half of the binder market [24] . In order to quantify the influence of RCF on the hydration of slag-blended cement, mortar samples containing 70% of slag mixed with 30% of cement as binder were made as reference. RCF, both untreated and thermally treated, were used to replace 33% of the cement in the slag-cement blend, thus the recipes using a binder combination of 70% slag, 20% CEM I and 10% RCF. The water/binder ratio was kept at 0.5. Fig. 11 presents the 7 and 28 days compressive strength of these mortars.
It can be seen from Fig. 11 that the untreated RCF-20 containing mix achieves the lowest compressive strength after both 7 and 28 days of curing. Both RCF-500 and RCF-800 increase the 7 and 28 days compressive strengths by 7.5% and 14.7% and respectively 8.8% and 20.1%, probably due to their increased free lime content, as well as the rehydration of their initial hydration products. Table 5 compares the 7 and 28-days compressive strengths of all the mortars detailed in Section 5 to the one of the reference mortars. Just as in the case of the calorimetry results (Table 4 ), a ratio between the compressive strength of each sample containing RCF and its reference mortar compressive strength is computed, in order to be related to the cement ratio of the sample. It can be observed that the use of 10% RCF-20, 10% RCF-800, 20% RCF-800 and 10% RCF-800 + 10% fly ash lead to a higher compressive strength than if an inert material would have been used as cement replacement. An interesting observation is that the compressive strength ratio after 28 days is in some cases lower than the one after 7 days, especially in the case of the thermally-treated fines, as well as for the higher cement replacement level of 30%. This suggests that the beneficial effect of the additions manifests itself in the early hydration stages. The only samples that achieves a higher compressive strength than if using an inert filler are those containing slag and thermally treated recycled concrete fines. Both RCF-500 and RCF-800 prove to be able to activate the slag in the mixture to a certain degree, which can be explained by their higher content of CaO which will regenerate portlandite for the slag hydration upon contact with water. Moreover, in the case of RCF-800, this effect is even more pronounced after 28 days than after 7 days, which is consistent with the slower hydration of the slag. This effect can also be observed for the sample containing 10% RCF-800 + 10% fly ash, for which a similar explanation can be envisaged.
Comparison between expected and achieved binding ability of RCFs
These 4 samples containing either fly ash or slag and RCF, as well as the ones containing 90% CEM I and 10% RCF were also analyzed using isothermal calorimetry (Table 4 ). It can be said almost unanimously for these samples that the compressive strength achieved was higher than indicated by the calorimetric results. This suggests that the recycled concrete fines have not only a role in generating compressive strength by their rehydration or hydration of residual unhydrated cement, but also by providing a filler effect in mortar mixes, as well as probably acting as nucleation sites for the further hydration of the cement component. Both these effects cannot be indicated by calorimetry, but are probable due to the increased compressive strength achieved, especially for the containing 90% CEM I + 10% RCF samples, for which it was shown that the main beneficial effect of RCF is manifested in the first hours of hydration. For the slag-and fly-ash-containing samples, it would be interesting to also follow the strength development over longer curing times. This will be done in a future study, together with optimizing the mix parameters in order to maximize the beneficial effect of RCF. At longer curing times, also the possible contribution of the newly formed calcium silicate phase indicated on the XRD pattern of RCF-800 needs attention.
Conclusions and discussions
The main objective of this research was to use recycled concrete fines (RCF) generated through a novel crushing method to replace part of the cement in new mortar mixes. A thermal treatment method was employed to test its activation effect on the recycled fines. The characterization of the thermally-treated RCF suggested that a calcium silicate phase similar to the ones in cement is Fig. 11 . 7 days and 28 days compressive strength of slag-blended cement mortars, containing 70% slag + 20% CEM I + 10% RCF as binder.
Table 5
Compressive strength of all mortar samples after 7 and 28 days. Mixes shown in bold are used as reference for all following samples. The ratios of cement/total binder in the mix, as well as the ratios between each sample strength and the one of the reference are shown. formed during the treatment at 800°C, which should be further investigated. It was found that the rehydration of the thermally treated concrete fines is a rapid process, occurring in the first hour after contact with water. Also, the 800°C-treated RCF required a higher water/binder ratio to achieve full rehydration. The calorimetric measurements indicate that mixing RCF and fly ash or slag is the most promising way of reuse for both the untreated and thermally treated concrete fines. It was demonstrated in this study that untreated RCF-20 and 800°C-treated RCF can be used to replace up to 20% of the cement in standard mortar samples without a significant loss of strength. The samples with 10% of the CEM I 42.5 N cement replaced by untreated RCF-20 or 800°C-treated RCF still meet the criteria of strength class 42.5 as described in [26] . The mechanical strength of RCF-800-containing mortars was also compared to a class F fly ash-containing mortar. It was found that 800°C-treated RCF had mechanical performances equivalent to fly ash. 500°C-treated RCF-containing mortars showed a more significant strength loss at a 20% cement replacement level; the same effect was observed when the replacement of 30% of cement was attempted by all considered secondary binders.
RCF samples treated at both 500°C and 800°C showed an activation effect on ground granulated blast furnace slag. It was found that the replacement of CEM I by 10% of 500°C-treated RCF and 800°C-treated RCF can increase the 28 days compressive strength of the slag-cement blend by 14.7% and 20.1% respectively, which can be attributed to the higher lime content of these samples.
Most of the mortar samples containing RCFs were found to have a higher compressive strength than their cement content, which suggests that the addition of recycled concrete fines also contributes to the development of mechanical properties. This can be due to the rehydration of the thermally treated fines, but also to the filler effect of all RCFs, as well as their contribution by providing nucleation sites for the hydration of cement. Further studies will focus on this possibility, together with optimizing the mix in terms of particle size and water/binder ratio, and the study of longer term strength development, among other topics.
